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Abstract
For industrial applications graphite is becoming more and more the electrode material of choice for sinking EDM. Especially for 
roughing graphite offers great advantages compared to copper electrodes. Optimized parameters lead to a very low tool wear rate 
combined with a high material removal rate. As a result the number of tool electrodes for a certain EDM task can be reduced 
significantly leading to very short machining time. A satisfactory explanation for these benefits could not be found until now. 
Therefore the specific wear behavior and material removal rate is investigated in detail in this paper and linked to the physical 
characteristics of the graphite material. In total 5 different kinds of graphite were chosen with significantly different physical
characteristics concerning their specific electric resistance, thermal conductivity and grain size. The performance of each grade was
evaluated in terms of material removal rate and tool wear for roughing.
© 2013 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor Bert Lauwers
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1. Introduction
Copper and graphite are the most widely used
electrode materials for macro sinking EDM applications.
Today, graphite is becoming the more preferred choice,
especially during roughing. Due to the good electric and
thermal properties a very low tool wear can be achieved 
using optimized parameters. Therefore the achieved 
profile accuracy is significantly improved. As a result the
number of tool electrodes can be reduced and together 
with the good machinability a more cost effective
process is achieved. In addition to this different grades of 
graphite materials are available which are regarded to be
suited for different machining tasks [1, 2].
Concerning the achievable surface quality using
finishing technologies, copper is still regarded superior 
to graphite. In contrast to roughing technologies, a higher
tool wear and poor surface quality is observed using
graphite electrodes during surface finishing. A
satisfactory explanation for the difference in tool wear 
for these different technologies was not found until now. 
As a first approach the specific wear behavior is
investigated in detail and linked to several physical
characteristics of the used graphite material in this paper
for roughing. As a result a more founded choice of 
electrode material for a specific machining task is
possible.
2. Measurement Setup
Unfortunately it is not possible to change material
properties independently from each other. Therefore a
total of five different graphite grades with several
significantly different material characteristics were used
during the experiments to identify the properties
influencing the tool wear and material removal rate. An 
excerpt of the material properties is shown in table 1.
For the experiments an AgieCharmilles Form 2000 
machine tool was used with up-to-date generator 
technologies and a standard oil based dielectric. To
identify the removed material volumes at the electrode
and the workpiece a weight based determination process 
is common and easy. By dividing the mass by the given 
density of each material the volume can be calculated.
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Table 1: Excerpt of the material properties of the used graphite grades
A B C D E E-Cu
3 10 10 15 20 -
(kN / mm2) 14 11 11.5 10.5 11 100
m 13 23 13 12 9 0,017
(W/m*K) 100 45 100 90 160 400
Pre-tests revealed that the used graphite electrodes
incorporate a certain volume of oil during the machining
process due to their porous nature which increases their
weight and makes the measurement of the tool wear
difficult. Therefore the graphite electrodes were kept in 
an oven at a temperature of 300°C before each
measurement for two hours to make sure that the
dielectric has evaporated completely. To keep the 
conditions constant the heat treatment was also
performed before the determination of the initial weight
prior to the machining process. The test procedure is 
described in detail in fig. 1a and a schematic drawing of 
the electrode is shown in fig. 1b. The workpiece was 
machined with an area A of 300 mm2 of the electrode up
to a depth of 5 mm leading to a total volume V of 
1500 mm3.
Fig. 1: (a) Measurement procedure and (b) used electrode geometry
3. D-Optimal Design of Experiments
To narrow the possible influencing factors on the tool 
wear and material removal rate a d-optimal design of 
experiments was used to reduce the number of needed 
experiments. For these experiments all generator 
parameters were kept constant except for the discharge
current, the pulse duration and the pulse interval time.
The used boundaries of each factor can be seen in 
table 2.
The pulse interval time was kept at a quarter of the
pulse duration, which is recommended by the machine
tool supplier. For these preliminary tests the used tool 
materials were reduced to three different grades of 
graphite. As workpiece material the Böhler steel W300
(1.2343) was chosen.
Table 2: Boundaries of the d-optimal design of experiments
Low Mid High
Current I / A 32 48 64
Pulse duration T / μs 25 200 400
Graphite grade A C D
In the first set of experiments, which consisted of 21
single experiments, the main influences on the material
removal rate were determined. The dependencies of the
input- on the output-variable can be seen in fig. 2. It 
becomes obvious that the material removal rate is mostly 
influenced by the discharge current. This is logical since
an increase in current also leads to an increase in 
discharge energy increasing the amount of material 
removed during each discharge. The influence of the
pulse duration in comparison to the discharge current is 
smaller but also significant. The experiments show that
the material removal rate decreases with increasing 
discharge duration although the electrical energy per 
single discharge is increased. An explanation for this can 
be that the material removal is not constant over the 
course of a discharge and reaches a certain maximum,
depending on other generator parameters. It is believed
that the diameter of the plasma channel increases over
time during the discharge and beyond a certain point the
energy loss into the dielectric leads to a decrease of 
material removal [3]. As a result a higher frequency of 
short discharges can lead to a higher MRR. In this case 
no maximum was observed because the d-optimal design 
only has three supporting points and only linear 
dependencies were investigated.
The influence of the used graphite grade is small in 
comparison to the discharge current but not negligible.
But the small change in removal rate which can be
observed could be caused only by the variance of the 
experiments and therefore a further analysis is necessary.
Fig. 2: Dependencies of the input variables on the material removal
rate in the centre point of the three dimensional output space
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The most dominant influence on the relative tool wear 
on the other hand was determined to be the pulse
duration, as shown in fig. 3. This result also complies 
with research on the tool wear of copper electrodes in 
sinking EDM [3, 4]. In this case the discharge current 
and again the used graphite material seem to have only a
small influence on the output variable.
Fig. 3: Dependencies of the input variables on the tool wear the centre 
point of the three dimensional output space
The results also showed that the relative tool wear is
not only very small but also reaches negative values.
This is due to the fact that measurements revealed that
the used graphite electrodes evidently were heavier after 
the machining process resulting in a negative weight
loss. The reason for this was identified by EDX analysis
as massive deposits of workpiece material on the tool
electrode, as seen in fig. 4. Similar deposition 
phenomena were already observed using copper 
electrodes which were identified as a carbon layer 
originating from the used oil based dielectric and
machined workpiece material [4, 5]. Most of the deposits 
are concentrated at the edge of the graphite electrode,
probably because of unfortunate flushing conditions in
this area [6, 7]. This fact may be of some importance
since the wear of electrodes used in sinking EDM is also
concentrated at the edges leading to an edge rounding.
By aligning this phenomena and the tool wear using 
optimized process controls the geometry of the electrode
can be held constant [8, 9]. 
Fig. 4 Deposits of workpiece material on a tool electrode
4. Detailed analysis on the influence of the used
graphite material on MRR and tool wear
The previously performed d-optimal design of 
experiments is very suited to identify major driving
factors. For this purpose it is also necessary to define
boundaries which are far apart to make sure relevant 
dependencies can be identified. As a result small 
influences cannot be detected confidently and often 
appear in the same magnitude as the variance. Therefore
a more detailed analysis is necessary to identify possible
dependencies of the graphite material on the material 
removal rate and the tool wear. The parameters of the
second set of experiments are shown in table 3. To 
prevent influences caused by the observed deposition of 
workpiece material a pulse duration below 200 μs was
selected.
Table 3: Technology parameters for the second set of parameters
Generator parameter Values
Current I / A 48
Pulse Duration T / μs 25
In fig. 5 the material removal rate is displayed for 
each graphite material starting with the smallest grain 
size. In this detailed view a significant dependency of 
the used graphite material on the MRR becomes obvious
with very little variance. Taking the smallest material
removal rate as reference an increase of 47% is achieved
compared to the highest material removal rate. It can 
also be derived from this diagram that there is no simple
dependency of the material removal rate and the grain 
size of the used graphite, which is often regarded as
main property to characterize the grade of the graphite.
Fig. 5: Material removal rate for different grain sizes
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Taking other material properties into account it can be 
assumed that the main influence on the material removal 
rate origins from the specific electric conductivity, as 
seen in fig. 6. This can be explained by the fact that the 
electric energy lost at the tool electrode is smaller if the 
electric resistance is smaller. Therefore more energy is 
induced into the workpiece material and more material 
can be removed with the same overall energy of the 
discharge.  
 
 
 Fig. 6: Comparison of the course of the material removal rate and the 
electric conductivity.  
 
Fig. 7: Relative tool wear for different grain sizes 
A similar analysis was performed regarding the tool 
wear of each electrode material, which is displayed in 
fig. 7. In contrast to the d-optimal experimental design 
there is also a dependency of the used graphite material 
on the tool wear visible. By taking the smallest tool wear  
as reference an increase of up to 30% was observed with 
little variance. In this case there is also no direct 
relationship between the tool wear and the grain size of 
the graphite material visible. This is surprising since a 
connection between the volume of a grain and the 
amount of energy needed for the vaporization process 
seems logical, especially since graphite does not have a 
liquid state. Therefore it could be assumed that there are 
certain boundary steps limiting the wear mechanism 
which are dependent on the grain size. As a next step 
other material properties and their influence on the wear 
of the electrode need to be analyzed. But comparing the 
course of the electric conductivity and the tool wear a 
direct relationship is also not existent as well for the 
other analyzed material properties. 
One explanation could be that it is not a dependency 
of one material property but a linked dependency of two 
or more properties. A possible combination could be the 
grain size together with the electric resistance of the 
material. To visualize the linked dependency the grain 
size was multiplied with the electric resistance in fig. 8. 
In this case it is assumed that both causes influence the 
tool wear in the same amount. Compared to the relative 
tool wear this combination as a matter of fact seems to 
follow the same course.  
 
Fig. 8: Comparison of the course of the tool wear and the course or the 
multiplication of grain size and specific electrical resistance 
Similar to the explanation of the increase in material 
removal rate a higher electric resistance should increase 
the created heat in the electrode leading to more wear. 
But it seems that this influence is different for different 
grain sizes. Taking this into account it seems that the 
cause of the wear phenomenon of graphite electrodes is a 
combination of the electrical resistance and the unique 
material removal mechanism of graphite, which is 
probably dependent on the grain size. As stated before 
the volume of the grain or its surface area may lead to a 
discrete increase of electrode wear which is dependent 
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on the grain size. In this case more experiments are 
needed to prove this theory. Another aspect is that the 
electrical resistance is only a resulting property of the 
specific material composition which includes the grain 
size and as stated before these properties cannot be 
modeled independently. Therefore it may be the case that 
a more comprehensive relationship can be derived by 
linking the grain size together with the porosity of the 
material consisting of the size and distribution of pores in 
the material.  
5. Conclusion 
In this paper the influences of different graphite 
grades on the performance of graphite electrodes in 
sinking EDM was investigated. A performed d-optimal 
design of experiments revealed that the discharge current 
is the main influence on the material removal rate and 
the discharge duration is main influence on the tool 
wear. Apart from these main influences a clear 
indication on an additional material specific relationship 
with the performance of graphite electrodes was 
identified. Against typical classification of graphite 
materials detailed analysis showed that there is no direct 
link between the performance and the grain size 
regarding MRR and tool wear. The tests revealed that 
main influence of the used material on the MRR origins 
from the electrical conductivity. The influence on the 
tool wear was not as obvious but seems to be a 
combination of the grain size and electric resistance at 
least according to the limited number of material 
properties which were investigated. An investigation of 
further material properties, e.g. porosity of the material 
may give more insight as well as the application of 
finishing technologies. 
 Beside the main goals of this investigation another 
phenomena was observed leading to an increase of 
electrode mass instead of the assumed tool wear. The 
increase of electrode mass was explained by a significant 
deposit of workpiece material at the edges of the tool 
electrode using certain parameters. A thorough 
understanding of this phenomenon can improve the 
profile constancy of the electrode and optimize the tool 
wear using intelligent process control.  
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